Spinal cord injury (SCI) may lead to persistent locomotor dysfunction and somatosensory disorders, which adversely affect the quality of life of patients and cause a significant economic burden to the society. The efficacies of current therapeutic interventions are still far from satisfaction as the secondary damages resulting from the complex and progressive molecular alterations after SCI are not properly addressed. Recent studies revealed that long non-coding RNAs (lncRNAs) are abundant in the brain and might play critical roles in several nervous system disorders. At the cellular level, lncRNAs have been shown to regulate the expression of protein-coding RNAs and hence participate in neuronal death, demyelination and glia activation.
cancers), 1 resulting in immediate haemorrhage and rapid neuronal cell death. This is followed by secondary injury mechanisms, including glutaminergic excitotoxicity, oxidative stress, increased adaptive immune responses, Wallerian degeneration and scar tissue formation, leading to further structural and functional disturbances that spread spatially from the site of initial injury. [2] [3] [4] These biochemical alternations can be further divided into acute, subchronic and chronic phases, which require tailored therapeutic strategies. 5 An essential problem is that adult spinal cord has a low regenerative capacity. This results in paralysis or movement dysfunctions, sensation deficits and autonomic dysfunctions, such as loss of urinary and bowel functions. Unfortunately, current treatments are insufficient due to multiple and complex aetiologies of SCI. Further understandings of cellular and molecular mechanisms of primary and secondary injuries are necessary for finding a new therapeutic strategy to promote functional recovery of patients with SCI. In this regard, long non-coding RNAs may provide hints for novel treatment strategies for SCI.
Long non-coding RNAs (lncRNAs) were identified as non-protein-coding transcripts that consist of more than 200 nucleotides. 6 lncRNAs were initially considered as transcriptional noise that was transcribed by the RNA polymerase II complex. 7 However, recent studies demonstrated that lncRNA retained limited protein-coding capacity to encode short peptides. 8 LNCipedia (https ://lncip edia.
org/) is a public and active database that aims to record and annotate lncRNA sequences and structures. Since its establishment in 2013, 9 five updated databases have been published. 10 Currently to chronic 27 phases after SCI ( Figure 2 ). These studies provided preliminary views on stage-specific lncRNA modulation.
The first study focusing on lncRNAs was performed to identify differentially expressed lncRNAs in a period of 1-21 days (acute to subchronic phase) after a moderate contusion SCI 26 . Hundreds of lncRNAs were up-regulated or down-regulated at all time-points (ie Recently, a systematic analysis focusing on differentially expressed lncRNAs in subchronic (1-3 months) and chronic (6 months)
phases of moderate (150-kdyn) contusive SCI in rats was done. 27 Compared to sham control, a total of 277 lncRNAs were identified to be differentially expressed at all the time-points of the study, ie 1, 3 and 6 months after SCI. A co-expression network was then constructed using the 277 lncRNAs and the mRNAs that were significantly correlated. Gene Set Enrichment Analysis (GSEA) revealed nih.gov/gds). Although these previous studies were not concentrated in lncRNAs, many of them did contain expression data of lncRNAs.
Retrieving these datasets is an efficient way to study lncRNAs. On the other hand, owing to the limited knowledge of lncRNAs, it is not easy to functionally annotate lncRNAs. The study performed by Duran and his college represented a good example of systematic analysis. 27 LncRNA-mRNA network reconstructions based on co-expression coefficients or the identification of coding neighbours appear to be two essential analyses for subsequent pathways (eg KEGG or GSEA) and gene ontology annotations. Alternatively, weighted correlation network analysis (WGCNA) would be a good option. 35 In addition to gene modules (clusters) that contain highly correlated lncRNAs and coding RNAs, WGCNA may determine particular phenotypes (eg time-points of injury or gliogenesis) that are associated with these gene modules.
Weighted correlation network analysis therefore may provide more clues from bioinformatic annotations. In this connection, cell-type specific transcriptome analysis will be of great interest to researchers. By utilizing fluorescence-activated cell sorting (FACS) technique and reporter mice lines, which conditionally express GFP in certain cell types, it is feasible to purify particular cells of interest for gene profiling.
36,37
F I G U R E 2 Involvement of lncRNAs in the progression of spinal cord injury. lncRNAs are highly dynamic, spatially and temporally in acute, subchronic and chronic phases of spinal cord injury (SCI), shown by four transcriptome analyses focusing on lncRNA dysregulation after SCI. Stage-specific LncRNA-mRNA coexpression networks were involved in and associated with pathological changes during SCI progression
With the advancement of single-cell sequencing, it is also possible to investigate the potential involvement of lncRNAs in the functions of heterogeneous cell population after SCI. Nonetheless, experiments to disclose molecular functions of lncRNAs are absolutely neccessary for accurate systematic analysis on lncRNAs-centered transcriptome.
| FUN C TI ONAL ROLE S OF LN CRNA S IN SCI
Recently, the biofunctional characterizations of differentially expressed lncRNAs in SCI were increasing. In particular, the modulation of glial activation and neuronal apoptosis by lncRNAs have become areas of intense investigation (Table 2 ; Figure 3 ).
| Glial activation
Glia could be activated within 1 day (microglial activation) and persist for months or even years (astrogliosis) after SCI. [38] [39] [40] [41] As for different cellular subsets (eg M1 vs M2 phenotypes) 42 and locations (eg scar vs spared tissue of lesions), 43 glial cells exhibit distinct molecular properties and play different roles in inflammation, neuronal death and demyelination. A careful interpretation of cell-type-or location-dependent molecular functions will shed light on the pathologic mechanisms of SCI and provide potential therapeutic targets.
In a rat model of acute contusive SCI, metastasis associated lung adenocarcinoma transcript 1 (MALAT1) was found to be significantly up-regulated in contusion epicentre of spinal cord. 44 Metastasis associated lung adenocarcinoma transcript 1 in turn 'sponge' miR-199b Abbreviations: MALAT1, metastasis associated lung adenocarcinoma transcript 1; PI3K, phosphoinositide-3-kinase; PTEN, phosphatase and tensin homolog deleted on chromosome 10; XIST, Xinactive specific transcript.
TA B L E 2 Functional characterization of the lncRNAs in spinal cord injury F I G U R E 3 Known functional roles of lncRNAs on glial activation and neuronal apoptosis. Green box: Glial activation induced by lncRNAs in spinal cord injury (SCI). Down-regulation of lncSCR1 in acute contusive SCI model led to up-regulation of Bmp7 and Adm, resulting in astrogliosis. Up-regulation of metastasis associated lung adenocarcinoma transcript 1 (MALAT1) in the same model sponged miR199b, leading to pro-inflammatory cytokine production and microgliosis. Blue Box: Neuronal apoptosis regulated by lncRNAs in SCI. In the spinal cord ischaemic/reperfusion injury (SCIRI) model, suppression of MALAT1 sponged miR-204-dependent apoptosis, whereas that of CasC7 sponged miR-30c-dependent apoptosis. In the contusive SCI model, X-inactive specific transcript (XIST) was up-regulated, followed by miR-494 down-regulation and phosphatase and tensin homolog deletion on chromosome 10 (PTEN) activation-induced PI3K/AKT pathway, resulting in neuronal protection against apoptosis and hence promote the production of pro-inflammatory cytokines.
Moreover, knockdown of spinal MALAT1 reduced the expression of Iba-1 (microglial marker) and pro-inflammatory cytokines in contusion epicentre, and improved locomotor function of hindlimb in the same model of SCI. However, the roles of MALAT1 in microglial polarization were not explored in this study. In another report, 45 the expression of lncSCIR1 was found to be constantly down-regulated on the 1st, 4th and 7th day after moderate contusive SCI. lncSCIR1
(long non-coding spinal cord injury related 1) was inversely correlated to the expression of Bmp7 (bone morphogenetic protein 7) and Adm (Adrenomedullin), both of which have been reported to promote astrogliosis in the spinal cord, 46, 47 indicating that lncSCIR1
might have a role in regulating astrocytes. Indeed, knockdown of lncSCIR1 was sufficient to promote the migration and proliferation of cultured astrocytes. 45 However, most of the functional studies were performed in vitro. The distribution of lncSCIR1, ie scar or perilesional area, was unclear. The evidence that whether lncSCIR1 replenishment was beneficial for SCI was also lacking. Nonetheless, these studies provided preliminary evidence that lncRNAs might participate in gliogenesis after SCI.
| Neuronal apoptosis
Neuronal death was probably the most evident alteration in SCI, 
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